Abstract Estimation of soil loss from single storm events is essential for basin planning and nonpoint source pollution control. Rainfall-runoff erosivity factors for single storm events in northern Iraq were derived from the basic theory of soil detachment and transport. The factors derived are a single parameter which includes runoff depth only and a factor which combines runoff depth and peak rate. These two erosivity factors gave satisfactory results when tested using data from natural runoff plots collected at different sites in the region. The same data were then used to test the applicability of various established erosivity factors. The two derived erosivity factors were superior to any known erosivity factor tested in the region. These include factors currently in use in Universal Soil Loss Equation (USLE) applications in different parts of the world.
INTRODUCTION
Water erosion in the semiarid region of northern Iraq is characterized by a large variability in the erosive storms. Hence, event based rainfall-runoff erosivity factors are essential for accurately predicting erosion and sediment yield in the region. In addition, estimation of soil loss from single storm events is often required in analyses such as nonpoint source pollution and the selection of a proper design storm.
Open for discussion untii 1 April 1995
The subject of rainfall-runoff erosivity has been studied in different regions of the world. Among erosivity factors currently in use are the EI 30 index (rainfall energy x maximum 30 min intensity) (Wischmeier & Smith, 1978) , the V r I m index (rainfall amount x maximum intensity) (Lai, 1976) and the E > 25 index (total kinetic energy of all the rain falling at more than 25 mm h" 1 ) (Hudson, 1981) . Other researchers have added a runoff erosivity factor to the rainfall erosivity index to obtain a more accurate representation of the erosion process (Onstad & Foster, 1975; Foster et al., 1977) . Hussein (1986) published a rainfall erosivity map for Iraq. This map, however, assumes that the £7 30 index is a valid erosivity index for the region. No attempt has been made in the past to test the validity of any of the previously mentioned erosivity indices in the region.
The purpose of this study was to use the fundamental theory of water erosion to derive suitable rainfall-runoff erosivity factors for northern Iraq. Available soil loss data in the region were then used to test the validity of the derived erosivity factors and other known erosivity factors in estimating soil loss.
DATA
Sediment yield data used in this study were collected from natural runoff plots at three different experimental sites in northern Iraq. Table 1 gives a brief description of the soils and slopes at these sites. The Hijran site is located in northeastern Iraq. Runoff and sediment yield data were collected from a 20 x 4 m 2 plot. The number of recorded runoff events occuring during the 1980-1981 and the 1981-1982 rainfall seasons was 37. Mean annual rainfall at the site is about 900 mm.
The Aski-Kalak site is located in northcentral Iraq. Runoff and sediment yield data were collected from two 14.5 X 3 m 2 runoff plots. The number of recorded runoff events occurring during the 1985-1986 and 1986-1987 rainfall seasons was 14. Mean annual rainfall at the site is about 400 mm.
The Hammam site is located in northwestern Iraq. Runoff and sediment yield data were collected for 20 rainfall events occurring during the period from 1988 to 1992. This site included two different types of plots: three 30 m long followed by three 10 m long with plot widths of 3 m. Mean annual rainfall at the site is about 340 mm.
Except for the Hijran plot, all the plots were tilled by spading at the beginning of each rainfall season and kept in continuous fallow throughout the season. Normally, the rainfall season in the region extends from October to May. For the Hijran site, the plot was tilled at the beginning of the first rainfall season and kept in continuous fallow throughout that season. In the second season, the plot was cleared of weeds, but no tillage took place.
After each rainstorm, the runoff volume in the collecting tank at the plot outlet was measured. The runoff was then mixed thoroughly and a sample was taken for sediment concentration determination using the evaporation method (Guy, 1975) .
A simple raingauge was available at all sites. Additional recording raingauges were available at both the Aski-Kalak and Hamman sites.
THEORY
The rainfall intensity in the region is usually less than 10 mm h" 1 . However, occasional high intensity storms occur. Observations from natural runoff plots in the region indicate the near absence of rilling in the soil erosion process. This is because the normal rainfall intensity is less than the measured basic infiltration rate for most soils in the region (Table 1) . Hence, runoff occurs mainly due to surface seal development by raindrop impact and/or soil profile saturation (Awad et al., 1992) .
Due to the low runoff rate, detachment by rainfall is the dominant form of detachment. Since no significant rilling was observed, sediment transport by sheet flow will be the limiting factor in the erosion/sedimentation process on the runoff plots (Young & Weirsma, 1973) . This means that particles detached by rainfall and runoff will be in excess of the sediment transport capacity of sheet flow on the plots.
The sediment accumulated in the collecting tanks at the ends of all plots over the period of runoff duration is called sediment yield. Since sediment delivery is limited by the runoff transport capacity, the sediment transport rate of runoff at the ends of plots will be estimates of sediment delivery rates into the collecting tanks.
Bed load is the dominant mode of sediment transport on the plots due to the generally low runoff depth on the plots. A convenient bed load formula for overland flow from agricultural land (Hussein & Foster, 1981 ) is:
where Tc = bed load transport rate (g m" 1 s" 1 ); T = overland flow shear stress (Nm~2); and K, = a coefficient which approximately equals 36. The flow shear stress (T) may be expressed as:
where 7 = flow density (Nm 3 ); y = flow depth (m); and s f = friction slope. To simplify the solution of equation (1), the Darcy-Weibach equation for uniform flow was chosen to characterize overland flow on the runoff plots. A steady state condition is assumed due to the long storm duration normally associated with the low intensity rainfall. And finally a kinematic flow is assumed. This means that the friction slope is assumed equal to land slope (Woolhiser, 1975) . The kinematic flow assumption is considered satisfactory for overland flow computations over small areas (Foster et al, 1968; Rovey & Woolhiser, 1977) . Hence, the flow rate per unit plot width may be expressed as:
where q = flow rate per unit plot width (m 3 m" 1 s" 1 ); g = acceleration due to gravity (m s~2); / = the Darcy-Weibach friction factor (dimensionless); and s = sine of the slope angle.
If runoff is characterized by its peak rate, then q measured at the end of the runoff plot can be expressed as:
where a p = peak runoff rate (m s" 1 ); and X = length of plot (m). The steady state condition gives:
where V" = total storm runoff (m); andD = characteristic runoff duration (s). Solving equations (3), (4) and (5) yields:
Solving equations (1), (2) and (6) gives the total sediment transport rate at the end of the plot:
Multiplying equation (7) by the runoff duration (D) then dividing by the plot length (X) gives total sediment yield from the storm (Sy):
where Sy is expressed in g m"
2
. If Sy is expressed in t ha" 1 and V" is expressed in mm, then equation (8) becomes:
The Darcy-Weibach friction factor (/) in equation (9) must be carefully evaluated. On moderate and steep slopes in the region, overland flow is generally turbulent. The estimated Reynolds number was generally above 5000. The surface roughness on the Aski-Kalak plots was high due to the natural stone cover on the plots (Hussein et al, 1989) . For the Hijran plot, data collection started in February 1981, well after the 1980 autumn tillage. Since this plot was not tilled and smoothed at the beginning of the second rainfall season (1981) (1982) , its surface roughness was also high. Hence, at these two locations, the ratio of the thickness of the laminar sublayer to roughness height was considered very small. In this case, the Darcy-Weibach equation becomes equivalent to the Chezy equation and the / value can be assumed constant (Julien & Simons, 1985) . Therefore, for the Hijran and Aski-Kalak plots, equation (9) becomes:
where <t> is given by:
Therefore, at these two locations, the total sediment yield per unit area is linearly proportional to the total runoff depth. Sediment loss occurs regardless of the amount of runoff (i.e. there is no threshold runoff depth).
For the Hammam plots the situation is different. The plots were tilled and smoothed each autumn and hence the soil surface is considered generally smooth. Due to the gentle land slope, the flow from normal rainstorms occurs either as turbulent flow or as a flow in the transitional zone between laminar and turbulent flows. The flow Reynolds number was generally below 2000. For this reason, turbulent flow over a smooth surface was assumed for these plots. The Darcy-Weibach friction factor is characterized using an equation similar to the Blasius equation:
where a and /3 are a coefficient and an exponent respectively and R e is the Reynolds number. The exponent /3 is negative for laminar and turbulent flow, but may become positive in the transitional zone (Chow, 1959) . The flow Reynolds number is given by:
where V = flow velocity (m s 1 ) and v = kinematic viscosity of water (m 2 s" 1 ). At the end of a plot, equation (13) becomes:
Substitution of equation (14) into equation (12) yields:
where the variation in v with respect to temperature is neglected and à is given by:
The sediment yield equation for the Hammam plots is obtained by substituting equation (15) Therefore, for the Hammam plots, both runoff depth and peak discharge are important for accurately describing the rainfall-runoff erosivity factor.
RESULTS AND DISCUSSION
Since the Hammam and Aski-Kalak data involved replicated plots it was necessary to examine the variability in runoff and sediment yield data among replicates. Variability in runoff and sediment yield among replicated plots was not significant at the 95 % probability level for both the Hammam and the AskiKalak data. Hence, in subsequent analyses, the average values from the replicated plots are considered.
Validity of equations (10) and (17)
Parameter values and goodness-of-fit for equations (10) and (17) are given in Table 2 . All regression equations given in Table 2 are significant at the 95% probability level. For equation (10), the coefficient <j> varied widely, reflecting the variability mainly in slope and roughness. Values of roughness for the Hijran and Aski-Kalak plots listed in Table 2 were estimated from equation (11) assuming a K, value of 36. The Aski-Kalak data gave the best fit for equation (10). This is partially due to the fact that the assumption of kinematic flow used to derive equation (10) is more valid on steep slopes than on gentle and moderate slopes. On steep slopes, gravity and friction components dominate the other terms in the momentum equation. Furthermore, storm-to-storm variability in roughness was low on the Aski-Kalak plots due to their natural stone cover.
The Hijran data gave the highest coefficient (<£) value. This high value is mainly due to the second season data (1981) (1982) . As was mentioned previously, the Hijran plot was not tilled and smoothed at the beginning of the second rainfall season. Consequently, form roughness increased and the overall friction factor increased ( Table 2 ). Considerable unexplained variability resulted, however, when the Hijran data were fitted to equation (10). The reason is related to the storm-to-storm variation in 4>. This variation is mainly caused by the variation in the friction factor, especially during the first season of measurements when the soil surface was relatively smooth.
To test equation (17) using the Hammam data, an estimate of storm peak runoff rate (a ) is needed. Since no data on this parameter were available at the site, the following equation was used to predict a (Foster et al., 1982) :
where I 5 is the maximum 5 min intensity for the storm in mm h" 1 . Table 2 were obtained by optimization using the field data collected. The variability in j3 values between long and short plots probably reflects the variation in the flow characteristics between the two types of plots. The variability in xj/ between the long and short plots reflects mainly the effect of plot length X and the exponent (3 as indicated by equation (16). Table 2 indicates a considerable unexplained variability in fitting the Hammam data to equation (17). On this gentle slope, the kinematic assumption may not be a good assumption especially during heavy storms. Lack of measured values with respect to peak runoff rate is an additional source of variation. Figure 1 includes plots of sediment yield against runoff depth for the three experimental sites. The scattering shown in Figs 1(c) and 1(d) which pertain to the Hammam data clearly indicates the need for adding further parameters to the runoff depth in order to describe accurately storm erosivity at this site.
Values of \p and (3 listed in

Testing other erosivity factors in the region
Sediment yield data used in this study were fitted to various known erosivity factors using least squares regression. Simple erosivity factors tested include rainfall depth, runoff depth and rainfall kinetic energy in addition to various rainfall intensities. Erosivity factors which are combinations of more than one simple variable were also tested. These combined factors generally give better correlation with soil loss compared to the simple erosivity factors. The basic principles involved in selecting a proper rainfall-runoff erosivity factor for a particular situation were discussed by Foster et al. (1982) . If the erosivity factor needs an estimate of the storm peak runoff rate, equation (19) was used to estimate this parameter. Since the number of data points at each of the three sites is generally small, the results reported here may serve only as a guideline for testing erosivity factors in the region. Table 3 summarizes the results of such tests for the Aski-Kalak data. Among all the erosivity factors tested, the £7 30 index is the most widely used and it is the index which the Universal Soil Loss Equation (USLE) soil erodibility factor is based upon. However, this factor involves the computation of rainfall energy by empirical equations of questionable validity in the region. (Hussein & Mahmood, 1993) . Because storm energy per unit of rainfall does not vary greatly with rainfall intensity (Wischmeier & Smith, 1978) , total storm energy is almost directly proportional to rainfall amount. For this reason, an erosivity index of the form (V^o) may give better correlation with sediment yield in the region than the £7 30 index (Table 3) . Erosivity factors that include rainfall intensity alone were also tested using the Aski-Kalak data. Intensities that were significantly related to sediment yield include the maximum 10 min intensity (7 10 ), the maximum 30 min intensity (/ 30 ) and the maximum 60 min intensity (I m ) ( Table 3) . I 30 and 7 60 were nearly identical in their prediction capability of sediment yield and both were superior to / 10 . I 30 and I m correlated with runoff depth better than I 5 and 7 10 . As indicated by Table 2 , runoff depth explains almost all the variability in sediment yield at the Aski-Kalak site. Since sheet erosion is directly proportional to rainfall intensity raised to some power which is usually near two (Meyer, 1981) , f lQ and 7|, gave better correlation with sediment yield than did 7 10 and 7 30 (Table 3) .
Also for the Aski-Kalak data, combining rainfall depth, rainfall kinetic energy or runoff depth with intensities other than 7 30 often did not improve their correlation with sediment yield. However, erosivity factors that include both rainfall and runoff depths were superior to those that include rainfall depth only (Table 3 ). The runoff ratio (VJV r ) was less satisfactory as an erosivity factor compared to the product of rainfall and runoff depths (V u V r ) . This is because the runoff ratio is related to deposition on the plots (Hussein & Othman, 1988) , and deposition was negligible on these plots of steep uniform slope.
Eight of the fourteen storms at Aski-Kalak have less than 13 mm of total storm rainfall, the threshold storm rainfall depth adopted by Wischmeier & Smith (1978) in deriving the EI 30 index for the USLE. These eight storms were not deleted in this analysis because the resulting sediment yields were appreciable.
Erosivity factors that were significantly related to sediment yield at the Hijran site are shown in Table 4 . Rainfall intensity records were not available in Hijran. Hence, erosivity factors that include rainfall intensity were not tested here. As at Aski-Kalak, the derived erosivity factor (equation (10)) was superior to the other factors tested. Both rainfall depth and runoff ratio were less than satisfactory as storm erosivity factors compared to the product of rainfall and runoff depths. At the Hammam site, the EI 30 index was not significantly related to sediment yield for both types of plots. However, the derived erosivity factor (equation (17)) was superior to the other factors tested. An exception is the erosivity factor proposed by Williams (1975) which includes runoff depth and peak runoff rate. This factor gave a correlation with sediment yield which is similar to that obtained by using equation (17). In fact, the empirically derived Williams factor is essentially equation (17) but with equal exponents for V u and a p . The gentle land slope at the Hammam site combined with the low average rainfall intensity caused sediment loss accumulation to occur mainly during the periods of the highest rainfall intensity in a storm. For this reason, factors like E, I 30 and EI 3Q were not significantly correlated with sediment yield. Deposition occurred on the long plots and hence the runoff ratio was a good erosivity factor on these plots (Table 5) .
Correlation between erosivity factors listed in Tables 3, 4 and 5 and sediment yield was not significantly improved by using nonlinear relationships. None of the listed erosivity factors was powerful and/or significant at all sites. means not significant at the 95 % probability level
Soil erodibility values
Since soil erodibility (K) is normally expressed per erosivity unit, introducing a new erosivity factor requires the modification of soil erodibility values used in the USLE. The equation used for this modification is:
where K R = soil erodibility expressed in t ha" 1 (erosivity unit)" Table 2 were obtained by regressing sediment yield values adjusted to unit plot conditions against runoff depth (V") for the Hijran and Aski-Kalak data and the product (V u a^1 2 ) for the Hammam data. The unit plot is 22.1 m long with a uniform lengthwise slope of 9% in continuous fallow tilled up and down the slope (Wischmeier & Smith, 1978) . Hence:
and:
where L,S are, respectively, the slope length and slope steepness factors in the USLE, C is the soil loss ratio and P is the contouring factor in the USLE.
Runoff coefficient and peak rate
The derived erosivity factors require the estimation of runoff depth and its peak rate. Runoff coefficients obtained by regression analysis of rainfall-runoff data at the three experimental sites are given in Table 2 . These may be used as a guideline for estimating runoff depth for individual storms in the region. A more comprehensive work on runoff prediction in the region is given by Hussein (1994) .
CONCLUSIONS
A suitable rainfall-runoff erosivity factor for a specific region may be derived from the basic theory of water erosion. Data on runoff depth, peak runoff rate and sediment yield from natural runoff plots in the region provide the most reliable method for testing the derived factors.
Statistically derived rainfall-runoff erosivity factors require long term measurements mainly from natural runoff plots. However, these plots are capital intensive and operating such plots for a long period of time is not feasible in many regions where water erosion is a problem.
It is not advisable to use statistically derived rainfall-runoff erosivity factors outside the region where data were collected unless a first approximation is sought. A region is characterized by its rainfall pattern, topography and soil.
